Introduction
Reactions between carboxylic acids and oxiranes are of great interest because of the practical significance of the products obtained. Thus, hydroxyalkyl esters of unsaturated carboxylic acids (acrylates and methacrylates) are used as components of dyeing coatings, printer inks, and medicinal preparations, whereas hydroxyalkyl esters of acetic acid are used as hardeners of sand blends in metallurgy, components of cooling agents for low temperature processes, solvents for dyeing compositions, components of anticorosive coatings and cement modifiers [1] [2] [3] .
Because of the parallel-subsequent character of the reactions between carboxylic acids and oxiranes and in the case of epichlorohydrin also due to chlorine atom presence, many side products are formed. As any non-symmetric compound epichlorohydrin leads to two isomeric esters (Scheme 1) [4, 5] . Of the two possible isomeric products the normal ester is formed as the main product in neutral or basic medium, whereas an acidic medium favors the formation of the abnormal product.
A variety of homogeneous and heterogeneous catalysts were tested. Among homogeneous catalysts tertiary amines, quaternary ammonium salts, alkaline hydroxides, alkaline salts of carboxylic acids, and complexes of transition metals have been studied [6, 7] . The highest yields and selectivities were obtained in the case of chromium compounds [8, 9] .
As heterogeneous catalysts, different linear polymers containing quaternary ammonium groups were investigated [10] . Less studied in the esterification reaction of carboxylic acids with epichlorohydrin are anion exchange resin catalysts [11] [12] [13] [14] [15] . These catalysts have numerous advantages such as their easy separation from the reaction mixture through filtration or decantation, reduced corrosion, possible regeneration, and no need for additional work-up (neutralization, washing). In addition, they are cheap, easy to obtain and environmentally friendly.
Experimental Procedures

Materials
Epichlorohydrin (1-chloro-2,3-epoxypropane) was dried over anhydrous sodium sulphate and vacuum distilled. Acetic acid of 99.5% purity was purchased from Merck. The anion exchange resin Purolite A-520E catalyst was supplied by Victoria S.A. Purolite (Romania). Before use, the catalyst was dried at 353 K for 12 hours.
Apparatus
Esterification reaction was carried out in a three-necked glass flask. The temperature was controlled within ± 0.5˚C by a thermostating bath. A magnetic stirrer was used to mix the reactants. The frequency was 600 rpm.
Procedure
Acetic acid and epichlorohydrin were loaded into the reactor and then heated to the desired temperature. Finally a given amount of catalyst was added. This was taken as the zero time of reaction.
Sample analysis
The amount of unreacted acetic acid from the samples withdrawn at regular time periods was determined by titration against a standard solution of 0.1 M NaOH using a mixed indicator phenolphthalein -bromthymol blue, while the content of epichlorohydrin in the samples was determined using the method described by Jay [16] .
The analysis of reaction mixture was carried out by gas chromatography using a Hewlet Packard 6890 chromatograph. A HP-1 column (30m length, 0.32 mm diameter, 0.17 μm film thickness) was used for separating the reactants and products. The conditions of GC analysis were: oven temperature program 50(3)-10-250, amount of sample injected 0.5 μL, carrier gas Helium, detector temperature 250˚C. The identification of reaction products was carried out on a GS-MS QMD coupling.
Sorption equilibrium experiments
The solutions of acetic acid in hexane (45 mL) with concentrations in the range 7-15 g L -1 were added to 0.9 g catalyst. The experiments were carried out at 40˚C, under stirring (150 rpm). Samples were withdrawn at regular time periods. The concentrations of acetic acid in solutions were measured using a Camspec M501 Single Beam Scanning UV-VIS Spectrophotometer at a wavelength of 230 nm. The amount of acetic acid adsorbed onto Purolite A-520E anion exchange resin, q e (g g -1 ) was calculated by a mass balance relationship as follows: 
Analysis, isolation and characterization of products
The products were fractionated under reduced pressure and identified by 1 H-NMR, IR and MS. The spectral data of the two isomeric hydroxyalkyl esters are presented in Table 1 .
Results and discussions
Proof of absence of external mass transfer resistance
For the heterogeneous reaction using ion exchange resin catalyst, it is essential to have the catalyst uniformly suspended in the reaction medium. According to Zweitering [17] the minimum speed of agitation (N m ) required to keep the solid particle in complete suspension can be predicted by the following relation:
where
By solving the previous equation it was found that the minimum agitation speed required for the highest catalyst loading (112.5 kg m -3 ) was 286 rpm. In order to assess the external mass transfer resistance the stirring speed was varied between 400 and 800 rpm. It was observed that the conversion of acetic acid was practically the same in all the cases, which means that there was no external mass transfer limitation. A theoretical analysis of the external mass transfer resistance is given to support these observations. For this purpose the quantitative criterion α 2 , which is defined as the ratio of the measured reaction rate to the maximum rate of mass transfer from the bulk liquid phase to the external surface of the solid, was evaluated [18] .
For a typical spherical particle, the particle's external surface area a p per unit liquid volume (m 2 m -3 ) is given by:
where w is the catalyst loading (kg catalyst m -3 reaction mixture), ρ p the density of particle (kg m -3 ), ρ L the liquid density (kg m -3 ) and d p is the particle diameter (m). For the maximum catalyst loading used (112.5 kg catalyst m -3 reaction mixture) and for a mean particle size d p of 0.0007 m, the value found for a p was 1418 m 2 m -3 . The liquid-solid mass transfer coefficients were evaluated using the correlation proposed by Sano [19] which takes into account the contributions of Reynolds and Schmidt numbers:
The energy supplied to the liquid is given by the following correlation described by Calderbank [20] :
The correction factor Ψ for the presence of gas bubbles is assumed to be unity when there is no gas phase in the reaction mixture.
Molecular diffusion coefficients of concentrated binary system (acetic acid and epichlorohydrin) were estimated from the equation of Leffler and Cullinan [21] .
in which the values of infinite dilution diffusion coefficients 
Proof of absence of intraparticle mass transfer resistance
Consequently, the rate may be either surface reaction controlled or intraparticle diffusion controlled. To evaluate the internal mass transfer resistance the commercial anion exchange resin, Purolite A-520E, was sieved obtaining four particle size ranges (400-500, 500-630, 630-800, 800-1000 μm). The change of acetic acid conversion with time was followed for each particle size range. The results obtained proved that there was no significant effect of particle size on conversion, which suggests the effectiveness factor for this reaction is almost unity and consequently the entire process is intrinsically kinetically controlled. In order to establish if intraparticle diffusion is limiting the reaction rate, an additional theoretical approach involving Weisz-Prater (Φ WP ) criterion, defined as the ratio between the observed reaction rate (r obs ) and the maximum internal diffusion rate was also done (Equation 9): 
Effect of catalyst loading
The catalyst loading was varied from 56.25 kg m -3 to 168.75 kg m -3 based on total volume of the reaction mixture (Fig. 1) . One observes an increase in conversion with increasing catalyst loading because the increasing number of active sites.
The linear correlation between initial reaction rate and catalyst loading suggests that the reaction is first order with respect to the catalyst (Fig. 2) . The fact that this straight line passes through the origin proves that the effect of uncatalysed reaction is not significant.
Effect of molar ratio
The initial molar ratio of acetic acid to epichlorohydrin was varied from 1 to 2, while keeping the rest of the experimental conditions unchanged. From Fig. 3 one observes a sharp increase in acetic acid conversion when an excess of epichlorohydrin is used.
By using acetic acid in excess, no significant change of epichlorohydrin conversion is noticed, which is in agreement with the zero order kinetics with respect to acid (Fig. 4). 
Effect of temperature
Reaction kinetics
Several kinetic models based on homogeneous or heterogeneous catalysis are used to describe the esterification reactions catalyzed by ion exchange resins. When both external and internal mass transfer resistances are absent (kinetic regime) the intrinsic rate of reaction can be given by three models: the power law model if there is very weak adsorption The generalized form of reaction rate is:
where the exponent n is 2 for the Langmuir Hinshelwood model, 1 for the Eley-Rideal mechanism and 0 for the pseudo-homogeneous approach.
Pseudohomogeneous approach
The partial order of reaction with respect to acetic acid was determined by the isolation method, that is, by running a reaction with an excess of epichlorohydrin (molar ratio acetic acid/epichlorohydrin 1:10). Under such conditions the acid concentration could be considered constant and included into the apparent rate constant represents the concentration of acid in the liquid phase and C A // is the amount of acid sorbed by anion exchange resin. C A // (mol L -1 ), was experimentally determined from adsorption studies of binary mixture acetic acid/ heptane on Purolite A-520E anion exchange resin. It was concluded that adsorption follows a Langmuir Hinshelwood model. The values of adsorption constants were calculated from plotting of c e /q e against c e (Fig. 6) .
It was found that the adsorption kinetics follows the first order kinetic model proposed by Lagergen, for which the equation is:
( ) ln ln e t e adsk t -= -× (11) The values found for the constant of adsorption rate and Langmuir Hinshelwood constants were used to calculate C A // at different time intervals (Fig. 7) . By summing the values of C A // and C A the real concentration of acetic acid C A / was obtained. The plot of real concentration of acetic acid (C A / ) against time is a straight line, typical behaviour for a zero order kinetics (Fig. 8) .
The value of the overall reaction order determined by differential method is one (Fig. 9) .
Consequently the expression of the reaction rate can be written as: r = k 1 ·c A 0 ·c E 1 (12) The integrated form of Equation (12), where concentration was expressed as a function of conversion and taking into account the value of the molar ratio between reactants becomes:
Plot of -ln(1-X A ) versus time is a straight line passing through the origin, which confirms the validity of the model (Fig. 10) .
First, the value of k 1 from the slope of the straight line was determined, and then k R as a ratio between k 1 and w was calculated.
From the Arrhenius plot ln k R versus 1/T (Fig. 11) , the energy of activation and the preexponential factor were calculated. The value found for the energy of activation was 65.24 kJ mol -1 . This high value confirms again that this process is intrinsically kinetically controlled.
Selectivity
The GC-MS analysis of the final reaction mixture confirmed that it contains unreacted acetic acid (t r = 2.65-2.68), unreacted epichlorohydrin (t r = 3.54-3.55), 3-chloro- The ratio between the two isomers was found to be 84/16. Different results for this reaction were previously obtained by Belov using AV17 anion exchange resin as catalyst. He reported for the ratio between the two isomeric esters a value of 98/2 for chloride form of resin and 95/5 for acetate and hydroxide forms [14] .
The variation in time for concentrations of reactants and products are shown in Fig. 12 .
The results of the chromatographic analysis lead to the following conclusions regarding the reaction mechanism (Scheme 2): ); temperature 366 K; ♦ acetic acid; □ epichlorohydrin; ■ 3-chloro-2-hydroxypropyl acetate; ∆ 2-chloro-1-(hydroxymethyl)ethyl acetate; ◊ dichlorohydrin glycerine; x glycidyl acetate; • 3-chloro-2-(3-chloro-2-hydroxypropoxy)propyl acetate Reaction (d) is a complex reaction which is assumed to proceed in two steps. In the first step, the dehydrochlorination of the normal ester under the action of acetate ion leads to formation of acetic acid and chloride ion. The second step proceeds with the addition of chloride ion to epichlorohydrin followed by rapid exchange of protons between acetic acid and alcoholate ion, with acetate ion being regenerated. The reaction scheme seems to be well described by the following set of differential equations where the partial orders of reaction previously determined were taken into account:
The rate constants were determined by the least squared method, minimizing the sum of squares of differences between experimental points and the 
Conclusions
The kinetics of the esterification reaction of acetic acid with epichlorohydrin catalysed by Purolite A-520E resin was studied. The effects of certain parameters, such as stirring speed, particle diameter, temperature, catalyst amount and molar ratio, were studied. Whereas mass transfer limitations are not observed, the temperature and the amount of catalyst exert a marked influence on reaction rate. The high value of activation energy confirms again that the rate controlling step is the surface reaction. The reaction follows first order kinetics with respect to both catalyst and epichlorohydrin, while the partial order of reaction with respect to acetic acid is zero. Based on determined reaction orders and taking into account the chromatographic results, a more detailed kinetic model was proposed. ρ p = density of particle, kg m -3 τ = tortuosity factor, dimensionless Ψ = correction factor for the presence of gas bubbles, dimensionless
